• A straightforward approach to prepare anchored graphene nanosheet films on graphene/metal composite's surface is reported.
H I G H L I G H T S
• A straightforward approach to prepare anchored graphene nanosheet films on graphene/metal composite's surface is reported.
• This approach is based on the selective electrochemical dissolution of graphene/ metal composite.
• The microstructure evolution of anchored graphene nanosheet films is correlated with their tribological performance.
Introduction
Solid lubricants are widely used in conditions where liquid lubricants are inadequate. They reduce friction of the contacting surfaces, thus improving the energy efficiency of moving mechanical assemblies. They also reduce wear, thereby extending the lifetime and improving the reliability of tribological components [1] [2] [3] [4] [5] [6] . Due to the unique advantages of graphene, such as high chemical inertness, extreme strength, easy shear capability and atomically smooth surface [7] [8] [9] [10] [11] , graphene nanosheet films, composing of a single layer, a few layers, or multiple layers of two-dimensional graphene, have recently been 
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Materials and Design j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m a t d e s explored as high-performance solid lubricants. For example, Zhang et al. fabricated graphene oxide nanosheet films on the surface of silicon wafer via an electrophoretic deposition approach and tested them as solid lubricants. The results indicated the coefficient of friction (COF) and wear volume of silicon wafer was reduced to 1/6 and 1/24, respectively, after covering with the as-prepared graphene oxide nanosheet films [12] . Sumant et al. deposited graphene nanosheet films on the steel surface by spraying graphene suspension and found the wear of the self-mated steel was substantially reduced (3-4 orders of magnitude) with corresponding reduction in friction because of the presence of graphene nanosheets at the tribological interface [13] . Lou et al. transferred graphene nanosheet films to both surfaces of the trio-pairs (Si wafer vs. Si 3 N 4 ball) by a self-assembly technique based on Marangoni effect, developing a novel lubricating system where graphene sliding against graphene. They demonstrated a low COF of about 0.05 could be obtained by optimizing the combination of film thickness, applied load and annealing process [14] . We previously fabricated electrochemically reduced graphene oxide films on the surface of copper disk by a two-step method and found that these graphene films can reduce the friction and wear of copper in humid air when the maximum Hertzian contact pressure applied was less than 700 MPa [15] .
Although many previous reports have demonstrated it is feasible to use graphene nanosheet films as solid lubricants, they still suffer from unsatisfied lifetime and low load capability. This can be attributed to two main causes: (1) the gradual degradation of graphene's structure during sliding process and (2) the excessive removal of graphene out of the contact interface as a consequent of their weak adhesion to the substrate [16] [17] [18] . Some measures have proposed to overcome these problems. They included periodic addition of graphene suspension to maintain the presence of fresh graphene nanosheet on the contact interface [13] , increase growth time of chemical vapor deposition to improve the uniformity and quality of graphene nanosheet films [17] . What's more, introduction of hydrogen during sliding process to passivate the destructive graphene [19] , restraint of normal loads to a critical value [16] and pre-deposition of silane layer to improve the bonding of graphene nanosheet films to the substrate were also proposed [18] . Despite these achievements, it is still a challenge to prepare graphene nanosheet films with good durability and high loading capability, which are highly desired to extend the engineering application of graphene as solid lubricants.
Here, we report a straightforward approach to fabricate anchored graphene nanosheet films (A-GNSF), which is based on the selective electrochemical dissolution of graphene-containing metal matrix composites. A-GNSF are composing of many anchored graphene nanosheets, whose parts of basal plane expose on the graphene-containing metal matrix composite's surface while other parts of their basal plane anchor into the composite. Those exposed basal planes of graphene nanosheets provide ample active contact areas, facilitating the rapid formation of lubricating transfer layers on the counter-face. Meanwhile, those anchored basal planes increases the adhesion of graphene nanosheets against substrate, suppressing the excessive removal of graphene nanosheets out of the sliding interface. Benefitting from these unique microstructures, A-GNSF show low friction, high wear resistance, long lifetime and excellent load capability, highlighting their potential in the application of high-performance solid lubricants.
Experimental

A-GNSF fabrication
A-GNSF were prepared by selectively electrochemically dissolving the metal from the surface of graphene-containing metal matrix composites. This process was carried out in a two-electrode cell, where the graphene-containing metal matrix composite and the graphite plate were used as working electrode and counter electrode, respectively. A solution composing of H 3 PO 4 and CH 3 CH 2 OH (1: 2 in vol.) served as the electrolyte. The applied potential was set as 1.35 V and the duration was set as 30 to 240 s. After this, the samples were washed with deionized water and dried at 60°C for further characterization and sliding tests. The graphene/copper composite coating and the graphene/copper bulk composite were used as the typical examples of graphenecontaining metal matrix composites. They were synthesized according to our previous works. In briefly, the graphene/copper composite coating was produced by a pulse current electrodeposition process in a surfactant-free electrolyte composing of copper disodium ethylenediaminetetraacetate tetrahydrate (1 mM) and graphene oxide nanosheets (0.1 g L −1
) [20] . The graphene/copper bulk composite was obtained by hot-pressure sintering a mixture of nickel nanoparticles anchored graphene and copper powders at a temperature of 750°C under a pressure of 30 MPa for 60 min. in vacuum condition [21] . For convenience, the A-GNSF obtained from the electrodeposited graphene/copper composite coating and the hot-pressure sintered graphene/copper bulk composite were noted as A-GNSF-ED-Xs and A-GNSF-HS-Xs, respectively. "ED" and "HS" are short for electrodeposition and hot-pressure sintering, respectively. "Xs" indicates the duration of selective electrochemical dissolution with the unit of second.
Sliding test
Tribological studies were performed in air (55-70% RH) at room temperature using a tribometer (WTM-2E, China) with a rotating ballon-disk contact geometry. GCr15 steel balls with a diameter of 6 mm were used as the counterparts. The applied load, rotating speed and rotating radius was set as 2 to 5 N, 200 rpm and 5 mm, respectively. The specific wear rate was calculated by the wear formula of W = V / (L·D), where W, V, L, and D were specific wear rate (mm 
Materials characterization
A-GNSF were characterized by scanning electron microscope (SEM, SU8010), X-ray photoelectron spectroscopy (XPS, 250Xi) and transmission electron microscope (TEM, Tecnai G2 F20). The wear track of the tested samples and the corresponding transfer layer formed on the steel ball counterpart were analyzed by optical microscope (OM, DMi8C), Raman microscopy (LabRAM Aramis), SEM and XPS. Wear volume of the tested sample was determined by a confocal laser microscope (OLS4000). Fig. 1 schematically illustrates the fabrication process of the A-GNSF on the surface of graphene/copper composite by the process of selective electrochemical dissolution. When the graphene/copper composite immerses in a bath of electrolyte and a positive potential is applied, a current passes from it, leading to the oxidation and removal of copper from the surface of graphene/copper composite. With the removal of copper ion by ion, originally buried graphene nanosheets in the graphene/copper composite expose parts of their basal plane. Nevertheless, other parts of their basal plane still anchor into the composite because of their large plan view size (usually in micrometer scale). As the graphene nanosheets homogeneously disperse in the composite, it can be imaged that an especial graphene nanosheet film composing of those exposed basal plane of anchored graphene could be formed on the surface of graphene/copper composite by tuning the duration of selective electrochemical dissolution process.
Results and discussion
Fabrication and characterization of A-GNSF
Indeed, the evolution of surface morphology of the graphene/copper composite coating obtained by electrodeposition as a function of the duration of selective electrochemical dissolution process confirms this hypothesis. Without the treatment of selective electrochemical dissolution, the surface of graphene/copper composite coating is covered by many globular particles with sizes of 2 to 5 μm (Fig. 2a) . High magnification SEM image further reveals that these globular particles are composed of copper and graphene nanosheets. Most parts of graphene nanosheets are embedded into the copper matrix and only their edges are exposing on the smooth surface of copper matrix (Fig. 2b) . After a 30s treatment of selective electrochemical dissolution, the appearance of the globular particles becomes rough due to the dissolution of copper matrix, and more edges of graphene nanosheets originally embedded in the copper matrix appear (Fig. 2c & d) . When the duration increases to 90s, more and more protruding particles on the surface of graphene/ copper composite coating are dissolved due to the increased current density, which is similar to the electropolishing of a rough metallic surface where the protruding parts must dissolve faster than the recesses. As a result, more basal planes of graphene nanosheets expose (Fig. 2e  & Fig. 2f ). When the duration further increases to 240 s, most of the protruding particles are etched completely, leaving a rather smooth surface (Fig. 2g) . Higher magnification SEM reveals this smooth surface is almost fully covered with the wrinkled basal planes of the anchored graphene nanosheets (Fig. 2h) . TEM image further reveals the graphene nanosheets have rippled and crumpled paper-like morphology (Fig. 2i) , which is agreed with the SEM results, demonstrating the presence of graphene nanosheets. It is worth mentioning that the adhesion between these anchored graphene nanosheets and the substrate is strong, for most of them are still presence after the strong ultrasonic treatment. Significantly, this is useful to improve the load capability when they are used as solid lubricants. Fig. 3 shows the XPS spectra collected from the surface of A-GNSF-ED-240 s. The fitting C1s XPS spectrum clearly shows four components that correspond to carbon atoms in different functional groups: the nonoxygenated ring C, the C in C\ \O bonds, the carbonyl C, and the carboxylate carbon [20, 22] . This indicates the presence of graphene, which is consistent with the results of SEM and TEM. It is noted that higher content of oxygen functionalities are observed compared with that of graphene in the original graphene/copper composite coating, probably because the process of selective electrochemical dissolution could induce a small degree of oxidation of graphene (Fig. 3a) . Fig. 3b shows the Cu 2p spectrum. In the peak fit for Cu 2p 3/2 , the one at 932.6 eV can be assigned to copper metal and Cu 2 O, while the other one at 933.7 eV can be assigned to CuO (in the inset of Fig. 3b ). This, coupled with a broad shakeup satellite peak at about 943. based on the integral area of fitting peaks. Copper metal and Cu 2 O cannot be precisely distinguished from Cu 2p spectrum because there is only a very small chemical shift in the Cu 2p peak of copper metal and Cu 2 O, thus Auger Cu LMM spectrum is also collected. There are five peaks in the fitting Cu LMM spectrum (Fig. 3c) . Two obvious peaks at about 568.3 eV and 570 eV are associated with the copper metal and Cu 2 O, respectively, confirming the presence of copper metal, and other three peaks represent different transitions states of the Cu LMM spectrum (Fig. 3c) [20, 22] . The above XPS results indicate the treatment of selective electrochemical dissolution only leads to a low level surface oxidation of copper matrix, in agreement with the XRD result (not shown here), only showing copper metal diffraction peaks (JCPDF No. 85-1326). Therefore, the effect of Cu 2 O and CuO on the tribological performance of A-GNSF is neglected in the following discussion.
Tribological performance of A-GNSF
To investigate the effect of selective electrochemical dissolution duration on the tribological performance of the A-GNSF, sliding tests under an applied load of 2 N are carried out. The sliding cycles is set as 12,000 cycles (corresponding to 376.8 m), however, if the COF is larger than 0.4, the sliding test would be stopped compulsively. Fig. 4a shows plots of COF vs. sliding cycles of A-GNSF obtained via treating the graphene/copper composite coating with different duration of selective electrochemical dissolution. Without selective electrochemical dissolution treatment, the COF for the original graphene/copper composite coating gradually increases from 0.2 to 0.25 in the first 800 cycles. After this running-in period, the COF keeps relatively stable in the following 3200 cycles and then rises suddenly above 0.4. This value is close to the case of brass disk slides against steel ball, implying the graphene/copper composite coating is worn out. Compared with the original graphene/copper composite coating, A-GNSF show enhanced tribological performance. First, the running-in period is very short (typically less than 50 cycles). Second, the COF is lower and much steadier in both running-in period and steady-state period. Third, the lifetime becomes longer. What's more, among A-GNSF, the COF in steady-state period decreases and more importantly, the lifetime expends as the duration of selective electrochemical dissolution increases. For example, the lifetime of the A-GNSF-ED-30s is about 1050 cycles, for the COF gradually increases after 1050 cycles and finally breaks through 0.4 after about 4500 cycles. However, the lifetime of the A-GNSF-ED-240 s is more than 12,000 cycles because no sudden increase in COF is observed during the whole test. Basing on the surface morphology revolution of the A-GNSF as a function of the duration of selective electrochemical dissolution process (Fig. 2) , their COF revolution can be explained as follow. The electrochemical dissolution of copper from the surface of the graphene/copper composite coating results in the exposure of graphene nanosheets, which are originally incorporated into the copper matrix. As the duration increases, more and more basal planes of graphene nanosheets appear, which gradually form a continuous film, covering the surface of the graphene/copper composite coating. Such film effectively reduces the direct metal-to-metal contact area between graphene/copper composite coating and steel ball, and more importantly, facilitates the rapid transfer of graphene to the steel ball counterpart and the formation of a graphene-rich tribolayer on the wear track (as evidenced in the follow section). According to the previous reports, the graphene-rich tribolayer and graphene-rich transfer greatly contribute to the low and steady friction [7, 10, 12, 14] . Obviously, the more continuous the A-GNSF are, the more obvious the above advantages will be. Therefore, it is feasible to fabricate A-GNSF with low COF and good durability on the surface of graphene/copper composite coating by tuning the duration of selective electrochemical dissolution process.
Other advantages of A-GNSF include excellent load capability and wear reduction capability. As shown in Fig. 4b , the average COF of A-GNSF-ED-240s keeps about 0.14 as the applied load increases from 2 to 5 N (corresponding to a maximum Hertzian contact pressure of about 0.88 GPa), demonstrating its excellent load capability. This load capability is significantly better than our previously reported electrochemically reduced graphene oxide nanosheet coatings [15] , and other graphene films or coatings, such as spraying graphene coatings [13] , chemical vapor deposited graphene film [17] , silane layer enhanced bonding graphene nanosheet coatings [18, 23] and electrophoretic deposition graphene oxide nanosheet coatings [12] . In addition, the average COF of A-GNSF-ED-240s is significantly lower than those of original graphene/copper composite coating and electrodeposited bare copper coating, demonstrating the lubricating property of graphene and the feasibility of our strategy to further boost the lubricating potential of graphene. What's more, A-GNSF-ED-240s keeps the specific wear rate of graphene/copper composite coating in an order of 10
, which is about one order and two orders of magnitude lower than that of original graphene/copper composite coating and electrodeposited bare copper coating, respectively, highlighting its excellent wear reduction capability (Fig. 4c) .
We also applied our approach to other graphene-containing metal matric composites, for instance the graphene/copper bulk composite synthesized by hot-pressure sintering. Fig. 5a shows the surface morphology of the graphene/copper bulk composite (graphene content 1.0 wt%) after the 120 s treatment of selective electrochemical dissolution. It shows that graphene nanosheets disperse along the boundaries of copper powders (marked with red arrows in Fig. 5a ). Higher magnification reveals these graphene nanosheets expose parts of basal plane to the surface of graphene/copper composite and anchor other parts of their basal plane into the copper matrix (Fig. 5b) . Many of these anchored graphene nanosheets form a freestanding semi-continuous film, partially covering the surface of graphene/copper composite. Fig. 5c shows plots of COF vs. sliding cycles of A-GNSF obtained via treating the graphene/copper bulk composite (graphene content: 1 wt %) with various durations of selective electrochemical dissolution. It can be clearly seen that with an optimized duration (for example, 120s), improved tribological performances, such as shorter running-in period, lower COF value as well as steadier trend compared with that of original graphene/copper bulk composite are observed, which is similar to the case of graphene/copper composite coating. Unsatisfactory lubricating performance is present if the graphene/copper bulk composite is treated with too short (for example, 60s) or too long duration (for example, 180s), probably because both of them result in an inadequate coverage of A-GNSF to the surface of graphene/copper bulk composite.
We also investigate the effect of graphene content in the graphene/ copper bulk composite on the lubricating performance of the derived A-GNSF. We use the graphene/copper bulk composite with 1 wt% graphene as the reference sample. For the composite with low graphene content, e.g., 0.5 wt%, it needs longer duration to obtain A-GNSF with obvious lubricating performance (e.g. 180 s). Meanwhile, the lifetime of the A-GNSF is poor (Fig. 5d) . On the other side, for the composite with high graphene content, e.g., 1.5 wt%, the duration to obtain A-GNSF with obvious lubricating performance could be reduced, e.g., 60s. Further increase in the duration doesn't lead to obvious improvement in lubricating performance (Fig. 5e) . However, A-GNSF with good lubricating performance still can be obtained from the electrodeposited graphene/copper composite coating even though the graphene content is as low as 0.27 wt%, as shown in Fig. 4 . Therefore, it seems that the dispersion of graphene in metal matrix is more important than the graphene content, for the electrodeposition technique usually results in more homogenous dispersion of graphene nanosheets in the copper matrix than the powder metallurgy technique. Consequently, it is easier for the electrodeposited graphene/copper composite coating to obtain continuous A-GNSF covering the whole surface of substrate after the treatment of selective electrochemical dissolution with optimized duration.
Mechanism on reduction of friction and wear for A-GNSF
To investigate the mechanism on reduction of friction and wear for A-GNSF, the wear track of A-GNSF-ED-240s and the corresponding steel ball counterpart after a sliding test under a load of 5 N are studied in detail. The appearance of wear track is rather smooth with only a few micro-ploughs (Fig. 6a and c) , which is very different from those typical morphologies of metal-to-metal sliding [21, [24] [25] [26] . Furthermore, the Raman spectra obtained from the wear track show two broad bands at about 1330 and 1598 cm −1 , respectively, which are the characteristics for the D band and G band of graphitic carbon (the inset of Fig. 6a ). The ratio of D band intensity to G band intensity (I D /I G ) is comparable to that of A-GNSF-ED-240s before sliding test. This, coupled with XPS spectroscopy of C 1s showing the characteristic C\ \C and C\ \O bonding of graphene (Fig. 6d) , suggests the formation of a graphene-rich triolayer on the surface of wear track. The content of oxygen functionalities is slightly higher than that of A-GNSF-ED-240s before sliding test, probably due to the degradation of graphene's structure induced by the sliding process [7, 10, 17] . Meanwhile, the surface of the steel ball is covering with a thin transfer layer and free of deep wear scars (Fig. 6b) . The Raman spectra further confirm the transfer layer is made of graphene nanosheets, as evidenced by the similar D band and G band along with a comparable ratio of I D /I G with respect to that of A-GNSF-ED-240s before sliding test (the inset of Fig. 6b) . Basing on the above results, we deduce the mechanism of friction and wear reduction for the A-GNSF as follow, which is schematically illustrated in Fig. 6e . During the sliding process, some of graphene nanosheets are transferred from the A-GNSF to the surface of steel ball, forming a thin graphene transfer layer, and some of graphene are mixed with other wear debris, forming a graphene-rich tribolayer on the wear track. The graphene transfer layer and graphene-rich tribolayer in-situ develop a graphene sliding against graphene lubricating interface. This special lubricating interface changes the contact model between the graphene/ copper composite and steel ball, which significantly decreases the metal-to-metal contact area and provides easy shear in the contact interface, thus reducing the friction and wear of graphene/copper composite.
It is worth mentioning that the unique architecture of A-GNSF greatly contributes to the rapid formation and the stability of the insitu developed graphene sliding against graphene lubricating interface. First, freestanding configuration combined with wrinkled appearance of anchored graphene nanosheets provide ample active contact areas, which facilitate the rapid transfer of graphene and then the formation of high quality transfer layers on the counter-face. Second, the anchored structure increases the adhesion of graphene against the substrate, which greatly suppresses the excessive removal of graphene at highpressure contact points, thus continuously providing lubricating ingredient to the contact interface. Third, graphene-containing composite acts as substrate to support the A-GNSF, which provides good mechanical property, such as higher hardness with respect to the graphene-free counterpart to reduce delamination wear and adhesive wear of the contact interface, improving the stability and integrity of graphene sliding against graphene lubricating interface.
Conclusions
A-GNSF composing of many anchored graphene nanosheets is successfully fabricated on the surface of graphene/copper composites via a straightforward strategy based on selective electrochemical dissolution of graphene/copper composite. The duration of selective electrochemical dissolution, the content of graphene as well as their dispersion in composites could affect the continuity and the coverage of A-GNSF to the substrate, thus the tribological performance of the as-prepared A-GNSF. The more continuous the A-GNSF is along with the higher the coverage to the substrate is, the better the tribological performance will be. A-GNSF with low friction (COF~0.14), high wear resistance, long lifetime and excellent load capability (the maximum Hertzian contact pressurẽ 0.88 GPa) can be obtained with optimized condition. Such excellent tribological performance can be attributed to the unique architecture of the A-GNSF, which greatly contributes to the rapid formation and the stability of the in-situ developed GNS sliding against GNS lubricating interface.
